2206.03530v1 [astro-ph.SR] 7 Jun 2022 


e 
e 


arXiv 


The Solar X-ray Corona 
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Abstract The X-ray emission from the Sun reveals a very dynamic hot atmosphere, 
the corona, which is characterized by a complex morphology and broad range of 
timescales of variability and spatial structuring. The solar magnetic fields play a 
fundamental role in the heating and structuring of the solar corona. Increasingly 
higher quality X-ray solar observations with high spatial (down to subarcsec) and 
temporal resolution provide fundamental information to refine our understanding of 
the solar magnetic activity and of the underlying physical processes leading to the 
heating of the solar outer atmosphere. Here we provide a brief historical overview 
of X-ray solar observations and we summarize recent progress in our understanding 
of the solar corona as made possible by state-of-the-art current X-ray observations. 
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1. Introduction 


Observations of solar eclipses, in visible light, allowed occasional glimpses of the 
solar corona. Spectroscopic observations during eclipses detected a bright green op- 
tical line, initially tentatively assigned to a new element, ’coronium’”, but in the 20th 
century it was finally correctly interpreted as a line emitted by highly ionized iron 
(Fe XIv [91, 63]) and therefore it was recognized that the solar corona is extremely 
hot (= 10° K). The hot plasma in the solar atmosphere primarily emits at high en- 
ergies (X-ray and extreme-ultraviolet [EUV]), which are however very efficiently 
absorbed by the terrestrial atmosphere therefore rendering ground observations at 
those short wavelengths infeasible. So it was only with the advent of space astron- 
omy and in particular X-ray observations, from the 1960s onward, first with rocket 
experiments and then with satellite-based observatories (e.g., [22, 61, 93, 231, 1)), 
that the nature of the solar outer atmosphere could be properly investigated (see e.g., 
[83]). 

The first X-ray imaging observations of the Sun, carried out with pin-hole cam- 
eras on-board rocket flights, were characterized by limited spatial resolution (ar- 
cmins), and nevertheless immediately uncovered the highly structured spatial dis- 
tribution of the high-energy emission (e.g., [22, 24, 183]). The X-ray emission was 
in fact observed to have significantly enhanced emission in small regions, which 
were co-spatial with Hg and Ca K plages, and with radio emission (e.g., [24, 183]). 
Higher spatial resolution (down to few arcsecs) and sensitivity in X-ray astronom- 
ical observations were achieved with grazing incidence optics, focusing high en- 
ergy photons using coaxial and confocal surfaces (e.g., [77, 78, 79]; Figure 1). The 
higher resolution provided further convincing evidence of the connection between 
magnetic active regions (ARs hereafter) and coronal features with brighter X-ray 
emission (see e.g., [SO, 82] for early reviews). Furthermore, the hot coronal plasma 
appeared to be mostly confined in closed-loop features connecting regions of op- 
posite polarity (e.g., [229, 230]), tracing the three-dimensional configuration of the 
magnetic field in the corona ([{117]). These early observations highlighted the fun- 
damental role of the solar magnetic fields in shaping and heating the corona. Plasma 
diagnostics based on X-ray spectroscopy (e.g., [23, 24, 72, 64, 65, 73, 74, 61)), 
or on analysis of X-ray imaging observations (ratios of images in two X-ray pass- 
bands, e.g., [230]) provided early determinations of plasma properties of the coro- 
nal plasma, such as temperature and density, necessary to constrain early models of 
coronal structures (e.g., [182]). 

The rich rocket program of the pioneering early age of solar X-ray astronomy 
produced a wealth of X-ray solar observations that engendered a rapid progress in 
the understanding of the solar corona. However, rocket experiments observed only 
for a few minutes, and therefore only with instrumentation onboard satellites, start- 
ing with the Skylab mission ([232]), it became possible to obtain long time series 
of X-ray observations and investigate the temporal variability of the solar coronal 
features on longer timescales (from hours to days; e.g., [84]). These observations 
unveiled a scenario of a solar corona characterized by highly dynamic and spatially 
structured coronal features, even in the ’quiet Sun’, conclusively dispelling the idea 
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Fig. 1 Early solar X-ray observations illustrating the rapid progress of X-ray imaging techniques 
from 1963 to 1973: (a) first image of solar X-ray emission made with a grazing incidence telescope 
(October 15 1963); (b) image from March 17 1965, with ~ 30” resolution; (c) image from June 
8 1968 (these data are discussed in [230]); (d) image from April 8 1969, in which X-ray bright 
points start being resolved; (e) image from November 4 1969, also detecting a flare at east limb; 
(f) X-ray image shortly after fourth contact of the solar eclipse of March 7 1970; (g) image from 
November 24 1970; (h) image from March 8 1973, obtained from the first successful flight of an 
X-ray telescope with higher efficiency. (Image adapted from Figure 1 of [230]) 


of a ’quiet homogeneous corona” [229]. The observed coronal structures encom- 
pass (see Figure 2 for an illustration) quiescent coronal structures”, with relatively 
steady or slowly varying X-ray emission, and “flares”, highly dynamic events dur- 
ing which the X-ray emission can increase by orders of magnitude on timescales 
of seconds, and which are accompanied by significant restructuring of the magnetic 
field configuration over short timescales, as well as, not uncommonly, by coronal 
mass ejections (CMEs; see section 4 ). The quiescent (non-flaring) corona includes, 
quiet Sun (QS; section 2 ), coronal holes (CHs, regions where the solar magnetic 
field extends into interplanetary space as an open field, and which are characterized 
by cooler and less dense coronal plasma, and diffuse and weak X-ray emission; sec- 
tion 2 ), coronal bright points (CBP, initially named X-ray bright points, XBP, which 
are small regions in QS with increased X-ray emission; section 2 ), active regions 
(ARs; regions with increased coronal temperature and density, and, in turn, X-ray 
emission, and which are associated with strong and complex photospheric magnetic 
field; section 3 ), as well as coronal features interconnecting ARs. In the quiescent 
corona outside of ARs (e.g., QS, CHs) the typical observed temperatures are of the 
order of ~ 10° K, and the coronal densities of the order of a few ~ 108 cm~3. In 
coronal emission of ARs the temperatures on average reach values of ~ 4 x 10° K 
({241]), and the densities are typically ~ 108-10? cm~?, although localized heating 
events lead to short-lived temperature and density increases (up to ~ 10 MK and 
~ 10!° cm~? respectively; e.g., [175, 218]). Large flares can reach temperatures of 
several tens of MK and high densities of ~ 10!2 cm~?, and have duration ranging 
from minutes to several hours (see e.g., [20] for a recent review). 
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Fig. 2 Full disk images of the Hinode X-ray Telescope (in the Ti_poly filter; see [87] for details), 
characterized by ~ 1” pixels, for two times about 5 years apart and showing very different X-ray 
emission properties at different phases of the solar activity cycle. The XRT images illustrate the 
variety of X-ray solar features as well as the significant variation of the X-ray emission during 
the activity cycle. The Quiet Sun image (November 2007, left) shows diffuse emission, enhanced 
emission in small coronal Bright Points (CBP), and dark regions or Coronal Holes (CH, here 
mostly close to the Poles). The active Sun image (June 2012, right) shows bright emission in 
Active Regions (ARs; a dozen AR are present in this image), where most of the X-ray emitting 
plasma is confined by the magnetic field in loop-like arches (including loops connecting different 
ARs), CBPs (although partly obscured by the AR emission), and CH. (Images adapted from XRT 
Picture Of the Week archive, https://xrt.cfa.harvard.edu/xpow/20120915.html) 


Solar X-ray observations show that the structure and dynamics of the solar corona 
is dominated by the magnetic field. The brightest high-energy emission mainly orig- 
inates from plasma which is: (a) confined by the magnetic field in loop-like struc- 
tures connecting regions of different magnetic field polarity, and (b) characterized 
by high temperature (> 1 MK), low density (< 10° cm~+), and therefore highly ion- 
ized and an efficient heat conductor. The importance of the magnetic field for the 
coronal activity is also highlighted by the variations of the X-ray emission with the 
phases of the solar 11-yr magnetic cycle ([103, 36]) as shown for example in Fig- 
ure 2. The importance of the magnetic field for coronal activity is clear for the Sun 
(e.g., [247, 158, 32]), and strong evidence is provided by observations of other stars 
that X-ray coronae are associated with magnetic fields. In fact, strikingly, a power- 
law relation is observed between X-ray luminosity and magnetic flux over many 
orders of magnitude, ranging from solar quiet-regions, through active regions, to 
dwarf and T-Tauri stars ({70, 159]). 

These observations prompted the key question of how the outer solar atmosphere 
is heated to such high temperatures of millions of degrees. The issue of the coronal 
heating is important not only in the context of solar and stellar physics, but also be- 
cause of the fundamental role of the solar high-energy emission on the Earth’s atmo- 
sphere, and, analogously, to understand the effect of stellar X-ray and EUV emission 
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on exoplanetary atmospheres (e.g., [122, 181, 153, 185]). The magneto-convective 
energy at the underlying photosphere is clearly the source powering the corona, but 
the details of the processes converting it to heat of the corona are still under inves- 
tigation. The shuffling of the photospheric footpoints of the coronal magnetic field 
lines, due to the convective motion of the plasma at and below the photosphere, can 
generate atmospheric heating mainly via two general mechanisms: (1) production 
of MHD (Alfvén) waves, that get transported to and dissipated in the corona ([3]), 
and (2) magnetic stresses building current sheets, dissipated via magnetic reconnec- 
tion events ("nanoflares”; [151], having typical total energies ~ 9 orders of mag- 
nitude smaller than large flares). There is observational evidence for the presence 
of both processes, although their relative importance is not well established as well 
as whether different coronal features are dominated by different mechanisms. Ad- 
vances in computational power allow ever more sophisticated simulations to model 
these processes, including e.g., 3D radiative MHD models of the solar atmosphere 
from the convection zone up to the corona, which self-consistently produce a hot 
atmosphere (primarily via dissipation of currents, e.g., [92, 98, 180]), ande.g.,a 3D 
reduced MHD model for the propagation and dissipation of Alfvén waves in a coro- 
nal loop ([233, 234]). Another intriguing mystery of the solar corona is its anoma- 
lous chemical composition, at odds with the underlying photospheric abundances, 
as observed since the earliest spectroscopic coronal studies. The coronal plasma, 
in fact, is often characterized by higher abundances of elements with low first ion- 
ization potential (FIP) compared to the underlying photosphere (e.g., [66, 67]). This 
chemical fractionation is expected to occur in the chromosphere, where low-FIP and 
high-FIP elements are differently ionized, and is likely associated with the heating 
mechanism, therefore providing additional clues and constraints to heating models 
(see e.g., reviews by [208, 217, 121] and references therein). We note that also the 
coronae of other stars are typically characterized by abundance anomalies, com- 
pared to their photospheric composition, although their abundance patterns display 
a wide range of variation from solar-like FIP effect for low to intermediate activity 
start to inverse FIP effect (i.e., with coronal depletion of low-FIP elements) for high 
activity stars (see e.g., [208, 217], and Drake & Stelzer in this handbook). There are 
a number of observational obstacles that hamper progress in our understanding of 
the coronal heating and chemical fractionation processes, including the small (unre- 
solvable) spatial scales characterizing the energy release, and the fact that the whole 
atmosphere is a complex coupled system with both energy and mass transferred in 
both directions between the corona and the lower thin atmospheric layer formed by 
chromosphere and transition region (see e.g., [112, 152, 217, 55], for reviews). 

The importance of these open issues, in our astronomical backyard, motivated 
the several satellite based X-ray observatories * that allowed going beyond the early 
discoveries, including: 


? See e.g., [12] for a more detailed list of solar coronal instrumentation, also including other wave- 
lengths, such as the extreme-ultraviolet, ultraviolet and visible, which we are mostly not discussing 
in this overview. 
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Fig. 3 This multi-color full disk solar image combines images obtained by several high-energy 
observatories: the NuSTAR observatory (blue; this image shows the hard X-ray emission in the 
~ 2-6 KeV range), the Hinode X-ray Telescope (green; shows soft X-ray emission between 0.2 
and 2.4 keV), and the Atmospheric Imaging Assembly onboard the Solar Dynamics Observatory 
(yellow and red; the AIA passbands shown here, 171A and 193A, detect EUV emission typi- 
cally emitted by plasma around ~ 0.8 MK and ~ 1.5 MK respectively). This composite image 
nicely shows how the higher energy emission is generally confined to the bright ARs. (Image from 
https://www.nasa. gov/jpI/pial 982 1/nustar-stares-at-the-sun. See also [90].) 


¢ SkyLab (1973 — 1979), equipped with grazing-incidence X-ray telescopes, EUV/UV 
spectrographs [231]; 

e the Solar Maximum Mission (SMM, 1980, 1984-1989), which included y-ray, 
hard and soft X-ray spectrometers, as well as an X-ray imager; [1]; 

¢ Yohkoh (1991-2001), which included hard and soft X-ray telescopes, as well as 
spectrometers at y-ray, hard and soft X-ray wavelengths [144]; 

¢ CORONAS-I (1994; [199]), CORONAS-F (2001-2005; [256]), CORONAS- 
PHOTON (2009, [120]); 
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e the Hinode X-ray Telescope (2006—present; [87]); 

¢ the Atmospheric Imaging Assembly (AIA; [125]) onboard the Solar Dynamics 
Observatory (SDO, 2010-present); note that AIA mostly observes in the EUV, 
and its passbands at shorter wavelengths in soft-X-ray, at 94A and 131A, are 
mainly sensitive to hot plasma at 5-10 MK. 


Although here we mostly focus on soft X-rays, several observatories — such as e.g., 
RHESSI (2002-2018;[126]), the FOXSI sounding rockets (2012, [119]; 2014, [41]), 
NuSTAR (2012-present; [100] 3) — have recently provided solar observations at 
hard-X-ray energies (above ~ 5— 10 keV), which are important to study the highest 
energy phenomena, including particle acceleration to relativistic speeds, especially 
prominent in flares. Figure 3 shows an example of composite of hard X-ray, soft 
X-ray, and EUV imaging observations obtained with different observatories. Saint- 
Hilaire et al. (in this handbook) discuss hard X-ray and Gamma-Ray of solar flares. 

High-resolution X-ray spectroscopy is of key importance to solve the coronal 
heating mystery, providing unique diagnostics of plasma temperature, density, dy- 
namic (large scale flows, turbulence), chemical composition (see e.g., [57] for a 
review) not accessible to imaging observations. Although a wealth of spectral ob- 
servations of the solar corona exist, the vast majority of them have focused on either 
relatively low temperature (~ 3 MK) emission, e.g., the Hinode/EIS (Extreme ultra- 
violet Imaging Spectrometer [48]) and the Interface Region Imaging Spectrograph 
(IRIS; [53]), or on very high temperature emission (> 10 MK) mostly observed in 
large flares. The 5-10 MK temperature regime, most relevant to study the heating 
process, is however poorly covered by present and past solar coronal spectrometers 
(see e.g., [59]), whereas astrophysical observatories such as Chandra and XMM- 
Newton have provided, as discussed at length in the next chapters (Drake & Stelzer; 
Schneider et al.; Sciortino; Kastner & Principe; all in this handbook), excellent cov- 
erage of these temperatures via high-resolution spectroscopy of stellar coronae in 
the soft X-ray range (~ 1-170A). 

Indeed, parallel efforts in X-ray astronomy have provided high quality high- 
energy observations of stars, that have enabled comparing and contrasting the X-ray 
properties of the Sun with other stars and funded the basis of the solar-stellar con- 
nection (refer to other book chapters; and other refs e.g., [209, 217]). Understanding 
stellar magnetic activity is of crucial importance also due to the key role magnetic 
fields play in several aspects of stellar astrophysics, ranging from the formation and 
evolution of stars and planets, controlling angular momentum loss, and orbital decay 
and evolution in close binary systems. 


3 Note however that NuSTAR is an astrophysical observatory, not designed to observe the Sun, and 
not suitable for observations of bright solar sources such as flares or even bright ARs 
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2. Quiet Sun, Coronal Bright Points, Coronal Holes 


The quiet corona (quiet sun, QS) is significantly less X-ray bright than active re- 
gions, and, at modest spatial resolution, appears to be characterized by a more dif- 
fuse nature and structures smaller than typical AR loops. In QS, which is devoid 
of sunspots, the underlying photospheric fields have mixed polarity and are charac- 
terized by a reticular pattern of strong fields (magnetic network, tracing the down- 
drafts of flows at the boundaries of convective supergranular cells) and weaker field 
internetwork regions in between them ([19]). Even in these quiet regions the tempo- 
ral variability of EUV emission suggests that the QS corona is impulsively heated 
([227]). 

Small bipolar regions in QS give rise to coronal bright points (CBP). CBPs are 
scaled-down (< 60”) and shorter lived (< 1 day) versions of ARs, with intense emis- 
sion in the X-ray and EUV wavelength ranges, and composed of small-scale loops 
connecting magnetic flux concentrations of opposite polarities ([ 130] and references 
therein). The evolution of the X-ray emission of CBPs shows a rapid growth and a 
slow decay, with a diffuse emission preceding the appearance of the bright core 
([84, 140]). The average growth rate (~ 5” per hour, or ~ 1 km s~!) is similar to 
the horizontal velocity of supergranulation cells suggesting a strong connection of 
CBPs with supergranular evolution/flows ([84]). Contrary to ARs, which are con- 
fined to a belt of active latitudes (within ~ +40° from the solar equator), the CBPs 
are observed at all latitudes. Up to several hundreds of CBPs are present on the solar 
disk in a day ([4]), although a subset of them are only visible at EUV wavelengths 
and not in X-rays due to a broad range of temperature distributions in CBPs ([130]). 
Several transient phenomena, such as microflaring (e.g., [201]), coronal jets (e.g., 
[31, 167]) and mini-CMEs (e.g., [140]) are observed in CBPs. The variation of CBPs 
during the solar cycle was studied with Skylab data and their number was found to 
anticorrelate with the number of sunspots ([49, 85]). On the basis of a more recent 
analysis of data with the Soft X-ray Telescope (SXT) [221] onboard Yohkoh it was 
however concluded that this anticorrelation is largely an artifact of the contrast with 
the soft X-ray intensity of the background corona and the obscuring effect of ARs 
([99]). In fact, Hara et al. [99] find that the number density of observed CBPs is 
largely independent on the solar activity cycle, but in dark areas (such as CHs) the 
CBPs number anticorrelates with the sunspot cycle and in the activity belt it corre- 
lates with it, suggesting a different mechanism of formation for CBPs in CHs. More 
recently McIntosh et al. [134] suggested that small-scale magnetic flux emergence 
activity associated to CBPs is related to and could be used to forecast the solar cycle. 

Coronal Holes (CH) are large-scale coronal features appearing as extended dark 
areas in X-ray images. Their underlying photospheric magnetic fields are more uni- 
form and unipolar than other solar regions, and nearly all the open magnetic flux on 
the Sun — and the high-speed solar wind flowing outwards into the heliosphere along 
open magnetic field lines — originates in CHs ([118, 46, 101, 158]). The spatial dis- 
tribution of CHs is observed to vary as a function of the solar activity cycle. Polar 
coronal holes, prominent for several years around solar minimum, tend to disappear 
around solar maximum (see e.g., Figure 2) — with a lack of any distinct presence 1-2 
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yrs at solar maximum, and the gradual reappearance of polar CHs in the declining 
phase soon after solar maximum, as several high-latitude CHs start collecting at the 
poles (e.g., [219, 102]). On the other hand, very large meridian coronal holes can 
appear at medium latitudes during periods of high activity, as shown on the right of 
Fig. 2. A very famous CH with a vague shape of a boot was observed to be steady for 
several solar rotations during the Skylab mission *. Coronal plasma in CHs is char- 
acterized by elemental abundances close to photospheric abundances, in contrast to 
QS and ARs in which the coronal plasma typically shows a significant enhancement 
in the corona of the abundances of elements with low first ionization potential (FIP) 
compared to the underlying photosphere. These abundance anomalies also provide 
useful diagnostics to trace the flows of solar wind from the solar origin into the 
heliosphere (e.g., [240, 259, 28]). 

Albeit Yohkoh/SXT provided good observations of the high temperature emis- 
sion from the quiet corona, its successor, Hinode/XRT has provided a much im- 
proved view of several coronal phenomena, especially in the quiet corona, due to 
its higher spatial resolution, temporal cadence, and broader temperature coverage 
(extending its sensitivity to lower coronal temperatures, ~ 1 MK). A case in point 
are X-ray jets which XRT has observed to occur frequently in coronal holes (CHs) 
and quiet Sun (QS) including polar regions, and indicated that these jets are charac- 
terized by plasma velocity, temperature and density of the order of ~ 160 km s~!, 
~ 1—2 MK, and a few 108 cm~3 respectively (e.g., [188, 198, 43, 149]). XRT has 
elucidated the details of the magnetic reconnection process producing these jets (see 
e.g., [105] for a review). The XRT observations of coronal jets also allow to investi- 
gate whether they might be significant contributors to the coronal heating of QS and 
to the solar wind, and suggest their contributions is limited (e.g., [149, 253, 184]). 

Another significant contribution of Hinode/XRT observations is its continuous 
monitoring of the full disk X-ray solar emission over more than a solar cycle. In 
fact, Hinode/XRT has regularly performed synoptic observations in different filters 
(therefore also allowing temperature diagnostic) providing a very valuable archive 
of monitoring (over about 15 yrs) of the properties of the full Sun X-ray emission 
with high temporal cadence (typically higher than daily). These data are perfectly 
suitable for studies of the solar activity cycle, and for solar-stellar connections (see 
also e.g., [217]). Adithya et al. (2021) [2] used XRT full Sun observations over 13 
years (2007-2020) to study the variability of the solar X-ray irradiance, and investi- 
gate the contribution of different solar features (AR, CH, QS, XBP) to it. They find 
that QS and AR emission has the greatest impact on the observed fluctuations of the 
solar irradiance. They find that the QS emission varies with the cycle, undermining 
the idea of a constant background X-ray emission (see also, [111], and [255] on the 
cyclic variation of QS emission from the low chromosphere; and, e.g., [254] for a 
study of irradiance variability in EUV and UV). Detailed investigations of the solar 
irradiance in high energy (X-ray/EUV) are also very relevant to the understanding of 
the effects of stellar radiation on escape of exoplanetary atmospheres (e.g., [1 04]). 


4 http://soi.stanford.edu/results/SolPhys200/Hudson/2000/001020/001020.html 
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3. Active Regions 


While the coronal emission of QS is often confined to lower temperatures (~ 1 MK), 
active regions (ARs) typically contain plasma at a variety of temperatures up to 
several MK (see e.g., [169] for a review). ARs are characterized by a typical evo- 
lution showing rapidly increasing high temperature emission and variability in the 
first few days from first emergence, followed by a longer decay during which the 
AR spreads out and its core temperature and variability of emission systematically 
decreases ((235, 58]). There is some evidence that this evolution is also accompa- 
nied by a significant change of chemical fractionation of the coronal plasma (e.g., 
[246, 208, 16, 17]). 

Warm AR loops (~ 1 MK), typically observed outside the AR core and especially 
clear in the cool EUV emission (see Figure 4; see also e.g., [105] and references 
therein), are characterized by a narrow temperature distribution. High temperature 
emission is observed in the AR core (see Figure 4): the temperature distribution 
in the AR cores is often strongly peaked around 4 MK, and the amount of high 
temperature plasma appears to be correlated with the total unsigned magnetic flux 
(e.g., [241]). Emission from even hotter plasma (T = 5 MK), even in heating events 
(’nanoflares” to ’microflares’’) smaller than large flares (the next section will discuss 
flares in details) is observed to be highly transient (e.g., [224, 225, 210, 215, 223, 89, 
226, 175, 218, 211)), and typically a few of these brightenings per hour are observed 
in an AR (e.g., [223]). 

High spatial and temporal resolution coronal observations are necessary to pin- 
point the physical mechanisms responsible for coronal heating. High-resolution X- 
ray observations, with Hinode/XRT and the short wavelength bands of SDO/AIA 
(94A, and 131A), over a large AR-sized field of view (and for AIA over the full 
disk, and continuously at 12s cadence), provide, together with coronal spectral di- 
agnostics provided e.g., by Hinode/EIS, important constraints on theories of coronal 
heating for the hotter portion of AR coronal plasma. Viable coronal heating mod- 
els predict energy release on small spatial and temporal scales (see e.g., reviews by 
[112, 113, 169]), and evidence of impulsive heating is provided by coronal observa- 
tions (e.g., [207, 215, 216, 237, 238, 175, 218]); it is however not well established 
whether heating events typically repeat over timescales shorter than the loops cool- 
ing times (i.e., heating is effectively steady), or instead with low frequency (i.e., 
significant cooling occurs in between heating events). Several coronal observables 
have been analyzed and modeled to gain insights into the heating of the AR cores, 
such as e.g., the properties, and in particular the slopes, of the thermal emission 
measure distribution (e.g., [1 14, 33, 212, 241, 25, 34, 18]). The presence of a faint 
high temperature component is another important heating diagnostic, and one of 
the main predictions of impulsive nanoflare heating. It has been investigated using 
imaging observations (e.g., [1 74, 190]) also in combination with spectral data (e.g., 
[136, 115, 204, 213, 210, 138, 157, 29, 109, 15]), and the observations are typically 
compatible with such a low level hot emission (2-4 orders of magnitude lower than 
the emission measure peak at 2-4 MK), which however is often close to the de- 
tection limits of current instrumentation. An accurate determination of these subtle 
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Fig. 4 This 3-color image combines SDO/AIA observations of AR 11289 (on September 13 2011, 
around 19UT) in 3 EUV narrow passbands: 171A (green; dominated by Fe Ix emission mostly 
emitted by ~ 1 MK plasma), 335A (blue; with a strong Fe XVI line emitted prominently around 
2-3 MK), and 94A (red; with a hot Fe XVIII line emitted at T= 5 MK; see e.g., [210]). The field of 
view shown here is about 400” x 250” (i.e., roughly 290 x 180 Mm). These data clearly show the 
presence of cooler (green loops) close to the edges of the AR, and hotter material (blue loops and 
diffuse emission; 2-4 MK) in the AR core, with additional hottest emission (red loops; = 5 MK) 
which is highly dynamic (e.g., [223, 215, 211]). 


properties of the thermal distribution of the AR plasma is in fact somewhat difficult 
because of the limitations of observations and inversion methods (e.g., [214, 249]), 
as well as intrinsic characteristics of the coronal plasma including for instance effi- 
cient conduction and non-equilibrium effects (e.g., [171]) that drastically limit the 
emission of the hot plasma in the initial phases heating events. 

Higher spatio-temporal resolution observations of the solar corona, in particular 
at sub-arcsec spatial resolution (e.g., with the rocket experiments Normal Incidence 
X-ray Telescope, NIXT, [86], and High-resolution Coronal imager, Hi-C, [116]), 
have shown that, although the heating release is expected to happen on much smaller 
scales, coronal loops typically appear to have a coherence on spatial scales of the 
order of ~ 0.3-0.5” (e.g., [6, 27, 14, 248]). These rocket experiments have also 
revealed, thanks to their unprecedented resolution, previously unobserved coronal 
features, such as e.g., the *moss’”, i.e., the high-temperature transition region (TR) 
of hot loops ({155, 52, 71]), or the appearance of braiding of magnetic loops ([42]). 
High resolution EUV observations with EUI onboard Solar Orbiter are provid- 
ing interesting new observations of quiescent small-scale dynamic coronal features 
(e.g.,[21]). Another notable new result made possible by subarcsecond observations 
of the solar atmosphere is the detection of fast and bursty ’nanojets”, which are a 
direct observational signature of reconnection-driven nanoflares [7]. These nanojets 
were observed in the cool (transition region) UV emission with IRIS, and the lack 


12 Paola Testa and Fabio Reale 


Fig. 5 3-color image combining SDO/AIA EUV observations and IRIS (Interface Region Imaging 
Spectrograph; [53]) FUV slit-jaw imaging observations of AR 11890 on November 9 2013, around 
12:15UT (same data analyzed by [216]): IRIS 1400A transition region (TR) emission (green; dom- 
inated by SiIV emission mostly emitted by ~ 0.1 MK plasma; the black vertical line is the IRIS 
slit where FUV and NUV spectral data are obtained), AIA 171A (blue; dominated by Fe 1x emis- 
sion mostly emitted by ~ 1 MK plasma), and AIA 94A (red; with a hot Fe XvItt line emitted at 
T= 5 MK). The field of view shown here is about 115” x 115” (i.e., roughly 83 x 83 Mm). These 
data clearly show brightenings in the cooler TR emission (green and blue) at the footpoints of dy- 
namic hot (~ 10 MK) loops (red). Both the hot coronal emission and the TR emission are highly 
transient, with TR emission brightenings typically lasting ~ 10 — 60s ([215, 216, 218]). 


of coronal observations at similar resolution prevents us from investigating these 
magnetic reconnection features in hotter coronal loops. 

The study of the moss TR emission provides alternative diagnostics of coronal 
heating to overcome some of the above described obstacles in detecting heating 
events directly in the corona. The location of the heating is debated (see e.g., [169] 
for a detailed review of observational evidence for footpoint vs. looptop heating) — 
but, even if energy is released in the corona, the immediate response of the coronal 
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plasma is often too difficult to detect, as discussed earlier in this section, and the 
hot plasma (e.g., pink/red loops in Fig. 4, and Fig. 5) is typically observed mostly 
in the cooling phase. The response of the narrow and dense TR layer of the loops 
to the heating events is instead readily observable as the TR undergoes rapid and 
intense brightenings that can be easily detected and studied. Initial observations of 
the moss variability showed typically low temporal variability (e.g., [5, 26, 220]), 
and they were interpreted as an evidence of steady (high frequency) heating. How- 
ever, the high spatio-temporal cadence of the Hi-C rocket observations have revealed 
the presence of highly variable moss at the footpoints of transient hot loops [215]. 
These results suggest that the insufficient combined spatial and temporal resolution 
of the observations is one of the reasons for the previous lack of evidence of signif- 
icant moss variability (see also [89]). In fact, the IRIS ([53]) high spatial (< 0.4”) 
and temporal (down to ~ | s) resolution has allowed to detect, at cooler TR tem- 
peratures, many of this type of footpoint brightenings associated with heating and 
typically observed simultaneously at both loop footpoints (e.g., [216, 218]; see ex- 
ample in Fig. 5). IRIS provides also powerful additional diagnostics thanks to its 
spectral observations that also reveal the TR plasma velocities, which combined 
with coronal observations (XRT and AJA) and state-of-the-art modeling constrain 
the properties of the heating and of the energy transport (e.g., [216, 162, 218]). 
The coronal observations indicate that these impulsively heated AR core loops typ- 
ically reach temperatures of ~ 10 MK, and their morphology suggests that these 
hotter loops might arise as a consequence of large-angle magnetic reconnection in 
the corona ([175, 218]; although in a few events a possible alternative scenario of 
energy release due to flux cancellation has been proposed; [165, 40]), i-e., more 
significant magnetic rearrangements than the typically assumed small-angle recon- 
nection Parker scenario for nanoflares ([151]). 

The TR observations reveal for several of the observed events signatures of the 
presence of accelerated (non-thermal) electrons (NTE)), similar to what is observed 
in large flares (see also next section), and allow to constrain the properties of the 
NTE distribution. Non-thermal particles, accelerated to relativistic speeds during 
the magnetic reconnection process, are primarily studied using hard X-ray observa- 
tions (e.g., with RHESSIJ; [126]) which can detect the radiation directly emitted by 
the NTE. The observed hard X-ray emission from NTE is generally compatible with 
a single (or double) power-law, implying a power-law for the electron flux distribu- 
tion as well, with power-law index 6 and a low-energy cutoff Ec. Although direct 
observations of NTE in hard X-rays remain of fundamental importance to study 
their properties, these new indirect diagnostics of NTE in small events, based on 
spectral observations of footpoint (TR) emission, are of particular interest because 
(1) they are sensitive to very small energy events (nanoflares) which are typically 
inaccessible to hard X-ray observations due to the very low emission level close to 
or below the sensitivity threshold of hard X-ray observatories; and because (2) they 
can constrain the low-energy cutoff (Ec) of the NTE power-law distributions, which 
is poorly constrained by hard X-ray spectra because of the overlap of thermal and 
non-thermal spectra. 
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The small heating events (nano- to micro-flares) observed in the ARs core in 
many respects appear like scaled-down versions of large flares with high temper- 
atures (up to ~ 10 MK, [175, 176, 81, 218, 211, 44]), abundances closer to pho- 
tospheric ([243], as often observed for larger flares), presence of NTE although 
often with smaller low-energy cutoff and steeper slopes (Ec ~ 5— 15 keV, 6 = 7; 
[94, 216, 250, 218, 81, 45]) than observed for large flares. For these small events 
is often difficult to detect the hard X-ray emission of NTE ([95, 96, 80, 44, 239]), 
even with the astrophysical observatory NuSTAR ([100]) and the FOXSI rocket ex- 
periments which have higher sensitivity than RHESSI, because of the presence of 
a dominant thermal component and, for NuSTAR, instrumental limitations largely 
preventing it from observing the active Sun. 


4. Solar Flares and Coronal Mass Ejections 


Solar flares are the brightest X-ray events in the solar system. They are powerful 
explosions occurring in the solar corona, and they last from a few minutes to several 
hours. Their intensity spans several orders of magnitude, and the largest ones can 
easily exceed the luminosity of the rest of the solar corona. There is a standard clas- 
sification of flare magnitude based on the maximum flux measured by the GOES X- 
ray detector in the 1-8A band, and the flux decades are marked with letters, A, B, C, 
M and X - from low to high (e.g., https://spaceweather.com/glossary/flareclasses.html). 
Flaring plasma is also much hotter than typical quiescent plasma, easily reaching 
temperatures much above 10 MK. 

Flares are very complex phenomena, and their emission is detected at all wave- 
lengths from radio to y-rays [164, 20]. Here we focus on flares as observed in the 
soft X-rays and EUV. They are generally characterized by a fast/steep rise phase 
and a much more gradual decay (Fig. 6), and occur in extremely localized areas, 
typically inside active regions (Fig. 7). In the following we present an historical 
overview of the main flare characteristics derived from X-ray observations. 


4.1 Surprising flares: rocket experiments and Skylab 


The first X-ray flare observations date back to rocket experiments. In particular, an 
early rocket launch was meticulously organized to occur within a few minutes of 
the observation of a solar flare by an alarm network of ground-based solar observa- 
tions” [228]. It was a very important enterprise because, although it was known that 
flares do not involve the whole solar surface, until then the real extension of flaring 
regions was unknown. The flare was classified as a “large flare of the parallel ribbon 
type’, i.e., a flare involving an arcade of loops the footpoints of which are visible 
in the lower atmosphere (photosphere/chromosphere/transition region) as two par- 
allel ribbons (see below). The grazing incidence telescope allowed for high spatial 
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Fig. 6 X-ray flare light curves as detected by GOES in two dif- 
ferent bands, with typical fast rise and slow’ decay. (from https 
//hdrl.gs fc.nasa.gov/LW Ss pacew eather /GOESx raygescrip.html). 


resolution (down to about 2 arcsec) observations that revealed that the flare was ex- 
tremely localized, and it was brighter than the other X-ray bright regions by at least 
one order of magnitude. The emitted energy was estimated to be about 10°! erg. 

Another breakthrough in flare X-ray observations was achieved when telescopes 
could be placed on-board satellite missions. This allowed to study the flare evolution 
by providing time coverage of flares in their entirety. Particular care was devoted to 
analyzing the morphology and evolution of a specific flare observed on June 15, 
1973 with telescope S-054 on board the Skylab mission [147]. An ingenious ob- 
servation technique allowed to capture the broad dynamic range required for a flare 
observation: photographic images were taken in sequences of frames with differ- 
ent exposure times, from hundredth of seconds to few seconds. This allowed for 
an accurate morphological analysis and measurement of the length of the flaring 
structure. Furthermore, the temperature and emission measure, averaged over the 
volume, could also be derived, assuming an isothermal emitting plasma, by using a 
technique based on the principle of the optically thin emission: 


2 ee s 2 
r= fin G(T)dV ~ G(<T >) [in dV (1) 


where J is the emission intensity, V is the emitting volume, T is its temperature, 
n is its particle density, and G(T) is the emissivity per unit volume, as described 
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Fig. 7 False-color composite image in extreme ultraviolet light, from the Atmospheric Imaging 
Assembly onboard the Solar Dynamics Observatory, of a solar flare recorded on April 11 at 07:11 
UTC. The event, a moderate M6.5 class flare erupting from active region AR 11719, is near the 
center of the solar disk. Other active regions, areas of intense magnetic fields where sunspot groups 
are observed in visible light, mottle the surface as the solar maximum approaches. Loops and arcs 
of glowing plasma trace the active regions’ magnetic field lines. (From NASA Astronomy Picture 
of the Day [APOD] website, 13 April 2013, https://apod.nasa.gov/apod/ap130413.html). 


clearly in [230]. The ratio of the emission of the same plasma volume in two filters 
with different passbands is a function of the temperature only. If the temperature is 
known we can derive the emission measure directly by inverting Eq. (1). 

A survey of flare observations from Skylab opened the way to the systematic 
analysis of solar flare properties. A flare classification based on the morphology 
of the flaring structures was proposed, in particular differentiating flares occurring 
in single loop structures (compact flares), point-like flares, and flares in loop sys- 
tems (or ’two-ribbon flares’) [148]. With the advent of subsequent flare-dedicated 
satellite missions, this classification has become much more blurred and somewhat 


The Solar X-ray Corona 17 


CAXIX SPECTRUM _ 9:18:11 UT 10 APRIL 80 
ry T TF TST 


CNTS PER BIN PER SEC. 


3.170 3.176 3.182 3.188 3.194 3.200 3.206 3.212 


A 
Fig. 8 Ca x1x SMM/BCS spectrum obtained during the impulsive phase of a flare observed on 
April 10, 1980 (09:18:11 UT). This spectrum shows a strong blue-shifted secondary component 
(the bump on the left of the main line). The best fit (thick line) is the superposition of two com- 
ponents, including a blue-shifted one (corresponding to velocities of > 300 km s~!) which is a 


signature of chromospheric evaporation, triggered by the very intense and short lived energy re- 
lease at the beginning of the flare. (From [8]). 


obsolete. Nevertheless, it is useful to point out here that, although flares are in gen- 
eral very complex phenomena, in some cases they can be described as rather simple 
systems, even single magnetic loops as observed in the X-rays. These early X-ray 
observations of flares, although still rather coarse, were sufficient to stimulate the 
development of several flare models, based on the assumption that flaring plasma 
moves and transports energy along the field lines of a single coronal loop and can 
be therefore described by purely one-dimensional hydrodynamics (i.e., no magnetic 
force is in action; [141]). 


4.2 The power of spectroscopy: The Solar Maximum Mission 


The Skylab mission stimulated much interest in dynamic events on the Sun, and a 
new mission was specifically devoted to investigate their physical characteristics. 
The Solar Maximum Mission (SMM) was launched in 1980, close to the maximum 
of the 11-year solar activity cycle. SMM carried several instruments for observation 
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of the solar atmosphere, but here we focus our attention on the soft X-ray spec- 
trometers — the Flat Crystal Spectrometer (FCS) and the Bent Crystal Spectrometer 
(BCS) — which were part of the X-Ray Polichromator (XRP). The FCS was able to 
capture flare X-ray spectra in a relatively broad band (in the range from 5.68A to 
18.97A, [160]), including several bright H-like or He-like lines from highly-ionized 
elements (O vill, Ne Tx, Mg XI, Si XIII, S Xv, Ca XIX, Fe Xv). The BCS detected 
very high resolution spectra (up to A/AA ~ 15000, [205]) especially around two 
specific important high-energy He-like lines, Ca X1x 3.16 A and Fe xxv 1.84 A. 
The Ca XVIII-XIx and Fe XXIv-XXvV satellite lines could be clearly resolved and 
used for diagnostics [47]. One very interesting result was the clear detection of a 
significant blue-shifted component of the 3.16 A resonance line of Ca XIX [8] in the 
initial (so-called impulsive) phase of the flare (see Figure 8). This was the signature 
of strong upflows at hundreds of km s~! at the beginning of the flare. A possible 
physical origin of these flows can be ascribed to a strong flare heat pulse causing a 
pressure excess that makes the low loop atmosphere to rapidly expand into the rel- 
atively empty overlying magnetic tube. This effect was therefore named ”chromo- 
spheric evaporation”. This scenario was modeled in detail with hydrodynamic loop 
simulations ([9]; Fig. 8). A very exhaustive review and discussion of flare spectro- 
scopic data from SMM data is provided by [62]. Multi-line (with SMM/FCS) and 
multi-band observations provided us with a detailed scenario and plenty of con- 
straints for flare models ([{129]) that allowed us to discriminate among different 
heating mechanisms and to constrain heating parameters [154]. 

Flare observations have been used as laboratories where to study plasma physics 
and heating mechanisms. Since many of them are localized and fast events, strong 
assumptions can be made regarding the relevant physical mechanisms at work. Dur- 
ing the flare rise phase the plasma dynamics play a very important role. It is gener- 
ally accepted that the emission in hard X-rays is a tracer of the energy deposition. 
One important evidence for this is the so-called ’Neupert effect’: the soft X-ray 
light curve in the initial rising phase matches the time-integrated emission in hard 
X-rays ([142]; Fig. 9). This has been observed to occur in the majority of flares, at 
least those with single and well-defined heat pulses, but there are exceptions that 
demonstrate that the energy release in flares can be rather complex both in locations 
and in time [60]. 

In the flare decay phase, when the plasma slowly drains down, the plasma dynam- 
ics can be largely neglected, and we can work under the assumption of an imbalance 
between the heating, which has ceased, and the cooling, which then determines most 
of the evolution. In spite of the impulsive rise phase, we can start here from a quasi- 
equilibrium condition which can be described by Rosner, Tucker and Vaiana (RTV) 
scaling laws [182]. It is then possible to analytically derive a very simple scaling 
law for the decay time 7, of a single flaring loop [193, 168]: 


i 3 
% =3.7x 10 *- « 120-2 


VT0 4/107 


where L (Lo) is the loop half-length (in units of 10° cm), and Tp (To,7) the loop 
maximum temperature (in units of 10’ K). This time scale estimate is a lower limit 


(2) 
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Fig. 9 The Neupert effect: flare soft X-ray light curve (from the GOES soft channel; the line 
peaking later [~17:13UT]), and hard X-ray light curve (left peak [~17:10UT]) measured with 
CGRO/BATSE (20-25 keV). Both curves show a fast rise and a slower decay. The soft X- 
ray light curve is approximately equal to the integral of the hard X-ray light curve (from 
http://soi.stanford.edu/results/SolPhys200/Hudson/1998/98 1016/981016.html). 


of the actual decay time, for various reasons. First, the hypothesis of equilibrium 
condition when the decay starts is a strong assumption, and it maximizes the initial 
flare density. Real flares are impulsive and the heat pulse rarely lasts so long as to 
reach equilibrium density. A lower density implies a slower radiation cooling. Sec- 
ond, some residual heating in the decay phase, which also slows down the cooling, 
is thought to occur frequently in flares. Keeping these caveats in mind, this scaling 
law can in principle be easily applied to estimate the loop length, in the cases where 
the flaring loop is not resolved, as is the case for stellar flares (see also Drake & 
Stelzer, in this handbook). 

However, as such, the equation can provide only an upper limit to the loop length, 
because the possible presence of heating in the decay can lead to an overestimate 
of the actual loop length. Nevertheless, X-ray observations provide additional diag- 
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Fig. 10 Evolution in the emission measure-temperature diagram for a flare observed with SMM 
on April 7 1980. The dots mark measurements equispaced in time. Time goes clockwise. (From 
[203]). 


nostics of the presence of heating during the decay phase, as explained here below. 
Spectral fittings to flare data from observations with SMM allowed to derive the 
evolution of the emission measure and temperature during the flares. The (square 
root of the) emission measure can be used as a proxy of the density, if the volume 
of the emitting plasma does not change much during the flare, as it is largely ob- 
served during many flares. It was pointed out that flares follow a well-defined path 
in a density-temperature diagram [1 10], and that the slope of the path in the decay 
changes if the heating is absent (steeper) or present (shallower). Different slopes 
were indeed observed in a survey of SMM flares ((203]; Fig. 10), and a new em- 
pirical formula for the loop length, incorporating these additional diagnostics, was 
calibrated on hydrodynamic flaring loop models, and tested on solar flares [172]. 


4.3 The digital era: from Yohkoh to Hinode and onward 


The development of digital detection devices (CCD), which were adopted in next 
generation missions, and in particular Yohkoh and Hinode, launched in 1991 and 
2006 respectively, represented a new important step for flare studies. The Yohkoh/SXT 
had a flag that allowed, soon after the flare start, to switch to a flare mode, char- 
acterized by very short exposure times. This allowed to record an unprecedented 
set of flares, and to image them with a very good spatial (5 arcsec) and tempo- 
ral (2 s) resolution. With this high resolution it was possible to better observe the 
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Fig. 11 False-color image of the flare of 13 January 1992 17:25 UT observed by Yohkoh/SXT. 
The contours mark the locations of the hard X-ray emission. The straight line marks the solar limb. 
(From [133]). 


basic processes of magnetic energy conversion. Flares were still largely divided 
into two main categories, i.e., compact (single loop) flare and the so-called Long 
Duration Events (LDE), involving many loop structures (similar to the two-ribbon 
flares). Several events of both classes clearly showed hard X-ray emission at the 
flaring loop footpoints, but for some of them such emission was detected at the 
loop apex. One famous flare, observed by Yohkoh on 13 January 1992 17:25 UT 
[133] has been the subject of several investigations. This flare occurred at the so- 
lar limb and apparently involved a single semicircular coronal loop (compact flare). 
Fig. 11 clearly shows the three main sources of hard X-ray emission. These lo- 
cations are generally interpreted as sites of non-thermal particle acceleration. There 
electrons are accelerated to relativistic speeds as an effect of magnetic reconnection. 
The electron beams streaming along the flaring loops are very important because it 
is believed that in many flares they deposit their energy at the loop footpoints and 
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Fig. 12 Yohkoh/SXT image of the Sun showing cusp-like emission above a flare site. (From As- 
tronomy Picture Of the Day, APOD, 8 June 2000 https://apod.nasa.gov/apod/ap000608.htm1) 


trigger chromospheric evaporation [ 106, 69]. However, the same effect is caused by 
thermal conduction fronts moving down along the loop from the reconnection site, 
and in some flares there is evidence that these prevail [128]. The source at the loop 
apex is believed to be strong evidence of magnetic reconnection at that site [222] 
and Yohkoh detected cusp-like emission and related jets on top of a flaring system 
({196]; Fig. 12). Probably both mechanisms are at work at the same time, with dif- 
ferent efficiency in different flares, and this issue deserves further investigation in 
the future. 

On the side of LDEs we find a flare very well observed by multiple instruments 
on 14 July 2000, the so-called Bastille-day flare (X5.7; [13]. This flare has been 
observed simultaneously in several bands. It started from a very localized region 
but then extended rapidly to a very long arcade of loops, as imaged impressively by 
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Fig. 13 Arcade of flaring loops triggered during the 14 July 2000 flare, as imaged by the 
TRACE mission in the 195A channel (From astronomy picture of the day, APOD, 20 July 2000 
https://apod.nasa.gov/apod/ap000720.html) 


the TRACE mission ([12]; Fig. 13). Also in this case the investigations pointed out 
strong evidence for on-going magnetic reconnection [200, 166]. 

The detailed analysis of flares in several energy bands led to build schematic 
views in which the soft X-ray emission is only one of the manifestations of the 
energy release from magnetic reconnection ([196, 164]; Fig. 14). The extensive 
database of flares observed in different filterbands by the Yohkoh mission also al- 
lowed to extract a collection of samples of the emission measure distribution versus 
temperature, and of its evolution during the flares [173]. From such distributions 
can be used to synthesize the emission that could be detected by non-solar X-ray 
telescopes. This flaring *Sun-as-a-star” becomes a template to interpret X-ray ob- 
servations of stellar flares (see also Drake & Stelzer, in this handbook). 

Current missions that monitor the corona, Hinode, Solar Dynamics Observatory, 
IRIS, focus more on the details of flare evolution and the flaring structure. Although 
here we will focus mostly on the high energy observations in the soft X-ray band, 
we first briefly mention some important results obtained with IRIS spectral obser- 
vations in the ultraviolet band, in particular using the Fe xx1 1354A flare line. IRIS 
has observed hundreds of flares so far, and brought about significant progress in flare 
studies mainly thanks to its unprecedented spatial (~ 0.33”) and temporal (down to 
< 1s) resolution. The unique IRIS flare results include for instance: finally spa- 
tially resolving chromospheric evaporation sites at the footpoints of flaring loops 
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(e.g., [252]), which solved a decade-long puzzle and brought agreement with model 
predictions, although the large symmetric broadenings observed with IRIS are not 
easily explained by flaring loop models ([163]); constraints on magnetic reconnec- 
tion processes, e.g., from Fe XXI redshifts at looptop, coincident with hard X-ray 
sources, and interpreted as signatures of termination shocks (e.g., [161]); constraints 
on initiation of CMEs from e.g., Fe XXI observations in flux ropes prior to eruptions 
(e.g., [38]). We refer the reader to [55] for a recent detailed review of IRIS flare 
studies (including also a discussion of exciting flare results from the IRIS chromo- 
spheric and transition region lines). 

Magnetic reconnection remains the main scenario for the interpretation of flare 
X-ray observations. The high cadence and spatial resolution of the Hinode/XRT 
captured the shrinking of cusp-shaped flare loops [179]. Dark downflows, called 
supra-arcade downflows [135], have been observed above flare arcades during the 
decay phase of some flares [108, 107, 186, 97], probably associated with the re- 
connection process [1 |]. These downflows travel through a very hot medium [178]. 
Hinode XRT also detected symmetric upflows along the loop legs in several events, 
most with speeds of 100 km/s but also up to 500 km/s, identified with chromo- 
spheric evaporation. Joint analysis of EUV, soft X-ray emission (GOES) and hard 
X-ray spectra (RHESSD) showed that flaring structures are multithermal [242], and 
that there is evidence for a superhot (> 30 MK) component in X-class flares [35]. 

Multiband observations made with the Hinode mission were devoted to study the 
build-up of flare energy. The free energy can build up as a result of the emergence 
of sheared magnetic fields above the photosphere [124, 192, 191], shearing mo- 
tions or rotation of the photospheric footpoints [75, 258, 30], and the cancellation 
of flux in the photosphere [132, 127]. The magnetic stress leads to the formation of 
highly twisted flux tubes, called sigmoids, which are also highly unstable and can 
erupt or determine explosive reconnection. Some active regions have been moni- 
tored carefully by the Hinode mission, especially at instrument peak performance 
in the early mission phase. The emergence of twisted flux tubes and of dark unsta- 
ble and elongated structures, called filament channels was either correlated to the 
rotation of the related spots [139] or interpreted as bodily emergence of helical flux 
ropes [145, 146]. The measured local increase of the magnetic helicity might be 
another magnetic signature [150]. 

Such multiband observations, where the XRT and SOT had a major role, were 
also supported by advanced modeling, which allowed detailed comparison to data 
(e.g., [187, 202, 189]) and emphasized the possible role of flux cancellation in trig- 
gering flare eruptions. MHD simulations showed that sunspot rotation can really 
trigger the formation of sigmoids [123]. A flare catalog from the Hinode mission is 
available at https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/ [244]. 

Great attention has been paid quite recently to the generation of quasi-periodic 
oscillations (QPP) inside flaring coronal loops. Such oscillations have been detected 
in flare light curves in several spectral bands, from radio to hard X-rays, and they 
have a number of possible origins and physical drivers (e.g., [257]). Flares can trig- 
ger substantial wave modes and fronts, such as sausage modes [194] and magne- 
tosonic modes [170, 137] which can involve significant density variations and there- 
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Fig. 14 Schematic diagrams of a flare loop system driven by magnetic reconnection. (From [196] 
(left), [164] (right)). 


fore can become visible in the EUV and soft X-ray band. The detection of QPPs can 
be used as probes of physical conditions inside flaring loops, e.g., through measuring 
the period and the propagation speed, and provide information about the flare heat 
pulses [170]. Evidence for magnetosonic waves has been detected also in EUV ob- 
servations of microflaring loop systems [176]. Up-to-date much attention has been 
devoted to the flare and eruption generation and prediction, and their influence on 
terrestrial activities (space weather) through Coronal Mass Ejections (see next sec- 
tion). 


5. Coronal Mass Ejections 


Flares often determine strong stresses and weakening of the local confining mag- 
netic field. As a consequence, closed magnetic structures can break up and result 
into large-scale violent eruptions of dense plasma. Relatively hot and dense clouds 
are then expelled out of the solar atmosphere into the interplanetary medium, the 
so-called Coronal Mass Ejections (CMEs). CMEs are key drivers of space weather 
in the heliosphere and planetary environments. The study of CMEs is therefore also 
important to investigate their impact on exoplanetary atmospheres and in particular 
on exoplanet habitability (e.g., [251]). This is particularly consequential in light of 
recent Kepler observations that revealed a high frequency of flares that can be thou- 
sands of times more intense than solar ones (the so-called superflares) in solar-like 
stars (e.g., [131]), and detected also in the X-ray band on pre-MS stars [76]. Di- 
rect evidence for a CME has been detected in the X-rays during a stellar flare on 
an active star [10]. However, here we discuss only very briefly this topic because 
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on the Sun CMEs mostly consist of relatively cool plasma (< 1 MK), and therefore 
not primarily emitting in the X-ray band. If present, X-ray emission is typically de- 
tected in the very initial phases of the ejection, when the ejected plasma is still at 
coronal temperatures. For instance, hot X-ray plasma (~ 3 MK) was detected from 
the current sheet associated with the reconnection that generated an eruption [177]. 
Hinode/XRT also discovered that the heating from reconnection continues also dur- 
ing the eruption itself [88], and it provided abundant evidence that flux ropes exist 
in the corona prior to eruption (e.g.,[105]), although the details of the CME initia- 
tion mechanisms are still elusive. Recent studies have been devoted to correlation 
between flares, CMEs, and SEP (Solar Energetic Particles) events (e.g., [68]), to the 
details of initial CME acceleration as connected to the energy release during an in- 
tense flare [88], and to the direct excitation of MHD waves by CMEs [137]. We refer 
to reviews by e.g., Chen [37], Webb and Howard [245], Temmer [206], Nitta et al 
[143], for recent overviews of salient characteristics of CMEs and their importance 
in the solar physics and heliospheric context. 


6. Conclusions 


In this chapter we have presented an historical overview of X-ray observations of 
the solar corona, focusing in particular on recent results obtained with current in- 
strumentation, and we have discussed the status of the resulting understanding of the 
physical processes at work in the solar outer atmosphere. We note that, to achieve 
a tractable review of the many aspects of the high energy emission from the Sun, 
we have discussed a limited selection of topics. We made the choice to focus on the 
X-ray emission, and soft X-ray emission in particular (< 10 keV, > 1A), although 
several results from hard X-ray observations are discussed as well in the sections 
on active regions and on flares. We note that a discussion of solar gamma-ray emis- 
sion, and additional hard X-ray results, are included in another chapter of this book 
(Saint-Hilaire et al.). We have also included some results from extreme-ultraviolet 
observations, but especially focusing on the shorter wavelengths (e.g., AIA 94A and 
131A passbands) more sensitive to the hotter plasma. As a consequence of these 
choices, our overview is heavily focused on the hottest coronal features, 1.e., active 
region cores and flares. The EUV and UV observations of course provide comple- 
mentary information of fundamental importance to understand some of these phe- 
nomena, as briefly referred to here, and thoroughly discussed in ample literature 
(see e.g., recent reviews of [105, 55]). Similarly, another important aspect we have 
not delved into here is the modeling of the observed high energy phenomena on the 
Sun, which is necessary to understand the underlying physical processes (see e.g., 
[195, 37, 169, 51, 156, 34, 236] for some recent reviews). 

Our review traced the progress of X-ray observations of the Sun in the last sev- 
eral decades. These X-ray observations at increasing spatial, temporal, and spectral 
resolution reveal the extremely dynamic nature of the solar hot atmosphere. The 
solar corona, which is shaped and energized by the solar magnetic field, is highly 
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structured in regions of different activity and X-ray emission, and its emission mir- 
rors the underlying solar magnetic activity cycle. Solar X-ray observations, thanks 
to their high resolution, also provide us with a close-up view of several astrophysical 
phenomena (e.g., magnetic reconnection, jets) that cannot be easily investigated in 
far-away astrophysical sources. 

The issue of which physical processes dominate the conversion of magneto- 
convective energy to power the corona, i.e., the coronal heating problem, is one 
of the most important fundamental open issues in astrophysics. Despite significant 
recent progress in understanding the physical phenomena at work in the quiescent 
solar corona, several open issues remain, including the following, which would ben- 
efit the most from X-ray observations: 


¢ accurately determine the presence and characteristics (spatial, temporal, thermal 
properties) of the hot plasma; 

e determine the characteristic magnitude and frequency of heating events that sus- 
tain the quiescent corona; 

e determine the extent and limits of similarities between nanoflares and large flares 
(e.g., are accelerated particles common in the ’quiescent’ corona, and do they 
play a significant role in energizing the solar atmosphere?); 

e determine the importance (and properties) of different heating mechanisms (e.g., 
Alfvén waves, nanoflares) in different solar regions. 


Flares remain a central topic of investigation for the future, especially consid- 
ering the increasing importance of space weather, for its influence on e.g., electro- 
magnetic and telecommunication activities, and human space exploration. Similarly 
to the quiescent solar emission, several aspects of the physical processes driving 
flares (and CMEs) remain to be fully understood. Important issues that need yet to 
be addressed include: 


* capturing the initial impulsive instabilities that lead to flares and CMEs (i.e., the 
flare/CME triggers); 

* constraining the components that determine the intensity of the flare; 

e determining the relative role of particle acceleration and current dissipation; 

¢ ultimately reaching an exhaustive flare scenario that allows for forecasting. 


High spatial, temporal, and spectral resolution observations are necessary to ad- 
dress these issues and, in turn, to pinpoint the physical mechanisms responsible 
for coronal heating and flare physics. High quality flare observations are still dif- 
ficult to obtain because of their very dynamic nature, but they might be within 
reach of next-generation X-ray instruments. Multi-band observations and high spa- 
tial/temporal resolution X-ray/EUV spectroscopy are certainly key to constraining 
advanced modeling. Indeed, increasing computing power has enabled major ad- 
vances in realism and complexity of numerical modeling. 

A rich ongoing sounding rocket program, and future missions, allow to push the 
boundaries of current observations and explore novel instrumentation and technolo- 
gies. Spectroscopic observations provide unique diagnostics of plasma properties 
(e.g., plasma flows, density, chemical composition), and are therefore particularly 
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crucial to testing competing models and furthering our understanding of physical 
processes at work in the corona. However, it is significantly challenging to design 
a spectrograph able to obtain spectral measurements at high spatial and temporal 
cadence, and with large spatial coverage, all of which are necessary to capture the 
plasma dynamic, at different locations of sizable coronal features. These observa- 
tional constraints will be achievable with future instrumentation, and it is in partic- 
ular foreseeable, for instance, with a combination of the Multi-slit Solar Explorer 
(MUSE; [54, 56, 39]) — a recently selected NASA MIDEX mission, with planned 
launch in 2026, which will obtain high spatio-temporal spectral and imaging coronal 
observations, over an active region-size field of view, in EUV narrow spectral bands 
thanks to its innovative multi-slit design (37 slits) — and the planned Solar-C/EUVST 
({197]) mission — which, with a traditional single-slit design, will provide spectral 
observations with very extensive thermal coverage, at matching (~ 0.3”) high spatial 
resolution at different temperatures. The few coronal observations available to date 
at subarcsec resolution, such as for instance the short time series of imaging data 
from the Hi-C rocket experiments (see sec. 3 ), have provided us with tantalizing 
glimpses of the significant leap these future high-resolution coronal observatories 
will certainly produce. 
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